The ␣7 nicotinic receptor subunit and its partially duplicated human-specific dup␣7 isoform are coexpressed in neuronal and non-neuronal cells. In these cells, ␣7 subunits form homopentameric ␣7 nicotinic acetylcholine receptors (␣7-nAChRs) implicated in numerous pathologies. In immune cells, ␣7-nAChRs are essential for vagal control of inflammatory response in sepsis. Recent studies show that the dup␣7 subunit is a dominant-negative regulator of ␣7-nAChR activity in Xenopus oocytes. However, its biological significance in mammalian cells, particularly immune cells, remains unexplored, as the duplicated form is indistinguishable from the original subunit in standard tests. Here, using immunocytochemistry, confocal microscopy, coimmunoprecipitation, FRET, flow cytometry, and ELISA, we addressed this challenge in GH4C1 rat pituitary cells and RAW264.7 murine macrophages transfected with epitope-and fluorescent protein-tagged ␣7 or dup␣7. We used quantitative RT-PCR of dup␣7 gene expression levels in peripheral blood mononuclear cells (PBMCs) from patients with sepsis to analyze its relationship with PBMC ␣7 mRNA levels and with serum concentrations of inflammatory markers. We found that a physical interaction between dup␣7 and ␣7 subunits in both cell lines generates heteromeric nAChRs that remain mainly trapped in the endoplasmic reticulum. The dup␣7 sequestration of ␣7 subunits reduced membrane expression of functional ␣7-nAChRs, attenuating their anti-inflammatory capacity in lipopolysaccharide-stimulated macrophages. Moreover, the PBMC's dup␣7 levels correlated inversely with their ␣7 levels and directly with the magnitude of the patients' inflammatory state. These results indicate that dup␣7 probably reduces human vagal anti-inflammatory responses and suggest its involvement in other ␣7-nAChR-mediated pathophysiological processes.
The ␣7 nicotinic receptor subunit and its partially duplicated human-specific dup␣7 isoform are coexpressed in neuronal and non-neuronal cells. In these cells, ␣7 subunits form homopentameric ␣7 nicotinic acetylcholine receptors (␣7-nAChRs) implicated in numerous pathologies. In immune cells, ␣7-nAChRs are essential for vagal control of inflammatory response in sepsis. Recent studies show that the dup␣7 subunit is a dominant-negative regulator of ␣7-nAChR activity in Xenopus oocytes. However, its biological significance in mammalian cells, particularly immune cells, remains unexplored, as the duplicated form is indistinguishable from the original subunit in standard tests. Here, using immunocytochemistry, confocal microscopy, coimmunoprecipitation, FRET, flow cytometry, and ELISA, we addressed this challenge in GH4C1 rat pituitary cells and RAW264.7 murine macrophages transfected with epitope-and fluorescent protein-tagged ␣7 or dup␣7. We used quantitative RT-PCR of dup␣7 gene expression levels in peripheral blood mononuclear cells (PBMCs) from patients with sepsis to analyze its relationship with PBMC ␣7 mRNA levels and with serum concentrations of inflammatory markers. We found that a physical interaction between dup␣7 and ␣7 subunits in both cell lines generates heteromeric nAChRs that remain mainly trapped in the endoplasmic reticulum. The dup␣7 sequestration of ␣7 subunits reduced membrane expression of functional ␣7-nAChRs, attenuating their anti-inflammatory capacity in lipopolysaccharide-stimulated macrophages. Moreover, the PBMC's dup␣7 levels correlated inversely with their ␣7 levels and directly with the magnitude of the patients' inflammatory state. These results indicate that dup␣7 probably reduces human vagal anti-inflammatory responses and suggest its involvement in other ␣7-nAChR-mediated pathophysiological processes.
The human ␣7 nicotinic acetylcholine receptor (␣7-nAChR) 7 is a ligand-gated cation channel with a homomeric structure composed of five identical ␣7 subunits (1, 2) . Each ␣7 subunit has a long N-terminal extracellular region that contains the ligand-binding domain, four transmembrane segments (M1-M4) with the M2 segment lining the ion-conducting pore, two cytoplasmic loops between M1-M2 and M3-M4, and a C-terminal extracellular region (3) . The expression and function of ␣7-nAChR were initially circumscribed to the nervous system. Consequently, this receptor has been associated with physiological processes in the CNS that affect neuronal plasticity, survival, learning, and memory, whereas impaired expression or function of ␣7-nAChRs has been implicated in many disorders, including schizophrenia, bipolar disorder, Alzheimer's disease, or epilepsy (4, 5) .
However, recent experimental evidence has revealed that ␣7-nAChRs are also distributed in non-neuronal cells, including a wide variety of immune cell types (see Ref. 6 and references therein). With respect to these latter cells, there is a generalized consensus that ␣7-nAChRs in spleen-resident macrophages are a key element in regulating the host's inflam-matory response to infection or injury by the vagus nerve. This anti-inflammatory protective mechanism, known as the "cholinergic anti-inflammatory pathway" (CAP), is anatomically located in the efferent arm of a neuronal circuit of vagal fibers whose activation counteracts excessive inflammation via a reflex mechanism (7) (8) (9) (10) (11) . It is noteworthy that CAP stimulation and subsequent ACh-mediated activation of ␣7-nAChRs in splenic macrophages not only attenuate systemic inflammation but also improve survival in animal models of sepsis (12) (13) (14) . In this context, our group conducted a pilot study in patients with sepsis that revealed, for the first time in humans with this pathology, the connection between ␣7-nAChRs and CAP after demonstrating that the ␣7 gene expression level in patients' peripheral blood mononuclear cells (PBMC) is a clinically relevant marker for CAP activity (15) .
The human CHRNA7 gene is located on the long arm of chromosome 15 (15q13-q14 region) and has 10 exons that encode for a protein of around 57 kDa, the ␣7-nAChR subunit. A new hybrid gene (CHRFAM7A) resulting from a fusion of a partial duplication of CHRNA7 (from exons 5 to 10) with the FAM7A gene has been identified at 1.6 Mb upstream from the parent gene and in the opposite orientation (16, 17) . Thus, CHRNA7 and CHRFAM7A are highly homologous (Ͼ99%) from exon 5 to the 3Ј-UTR region. The acquisition of this duplication seems to be a recent evolutionary event because it only appears in humans after divergence from other higher primates (18) . Furthermore, CHRFAM7A is polymorphic with more than 95% of the population carrying one or two copies of the gene (see Ref. 19 and references therein). The CHRFAM7A transcript is translated to a protein of around 41-45 kDa (depending on glycosylation), the dup␣7 subunit, which shares all the structural elements of the full-length ␣7 subunit, except for a substantial part of the N-terminal region containing the signal peptide and the agonist-binding domain. Interestingly, dup␣7 and ␣7 subunits are naturally expressed in the same human cell types (see Ref. 19 and references therein), including neurons and immune cells, although dup␣7 mRNA levels differ between these two cell types, being relatively low in brain and very high in immune cells (20, 21) . Several genomic analyses have associated a 2-bp mutation of CHRFAM7A with certain neuropsychiatric disorders (22) (23) (24) . However, a specific function for the dup␣7 subunit was long unidentified until our group found that it acted as a dominant-negative regulator of the ␣7-nAChR function in a pioneering electrophysiological study carried out on Xenopus oocytes (21) . This finding was corroborated shortly afterward in a study also performed in oocytes (25) , but not in a subsequent study in mouse Neuro2A neuroblastoma cells (26) . Whether or not, as occurs in oocytes, dup␣7 has a biological role that interferes with ␣7-nAChR function in mammalian cell types other than neuroblastoma cells, particularly immune cells, has not yet been evaluated. The main difficulty in approaching this type of study lies in the high homology of the peptide sequences for the dup␣7 and ␣7 subunits that cause the commercially available antibodies to crossreact with both subunits in immunoblotting, immunocytochemistry, and immunoprecipitation experiments.
To circumvent the above limitation, we prepared several epitope-and fluorescent protein-tagged ␣7 and dup␣7 con-structs to be transfected into GH4C1 rat pituitary cells and RAW264.7 murine macrophages. Combining coimmunoprecipitation, Föster resonance energy transfer (FRET), immunocytochemistry, confocal microscopy, flow cytometry (FC), and ELISAs, we have investigated whether dup␣7 interacts with ␣7 subunits in these mammalian cell types, as well as the possible functional repercussion of this interaction by assessing its effects on the ␣7-nAChR-mediated anti-inflammatory response in RAW264.7 macrophages upon lipopolysaccharide (LPS) challenge. Finally, we have translated our experimental findings to human sepsis, a disorder accompanied by immune dysregulation and excessive activation of the inflammatory response. Thus, in the context of this last pathology, we have studied whether the dup␣7 subunit would be able to interfere with the control of inflammation by ␣7-nAChRs. To address this issue, we have used quantitative PCR (qPCR) to determine the absolute dup␣7 mRNA expression level in peripheral blood mononuclear cells (PBMCs) from patients with sepsis with the aim of analyzing its relationship with PBMC ␣7 mRNA levels and with the inflammatory state of patients.
Results

Coexpression of dup␣7 reduces the ␣7 subunit expression levels in the cytosolic membrane of GH4C1 cells
These cells do not naturally express ␣7 or dup␣7 subunits; therefore, they were chosen at the beginning of our study to analyze the cellular distribution of each subunit after separate or combined transfection of the ␣7-HA.pcDNA3.1 and dup␣7.pcDNA3.1/Myc-His constructs. Representative confocal images in Fig. 1 , A and B, left panels, show the expression efficiency of ␣7-HA (red) or dup␣7-Myc (green) subunits after immunostaining their respective epitopes. Images in Fig. 1 , A and B, middle panels, of the same cells also show their plasma membrane (green and red, respectively) labeled with Alexa Fluor 633-conjugated wheat germ agglutinin (WGA). Pooled results obtained from three different cultures reveal that 17 Ϯ 3 and 11 Ϯ 2% of transfected cells efficiently expressed the ␣7 or dup␣7 subunits, respectively. When confocal images obtained from monitoring ␣7 or dup␣7 were superimposed over fluorescent WGA-stained cell membranes, both signals only colocalized in the cells expressing ␣7 subunits but not in those expressing dup␣7 ( Fig. 1A , white arrows in the merged image). This latter finding is corroborated by using the "colocalization function" of the Leica software (see under "Experimental procedures") to generate an image of double-positive structures (white dots) that identifies the coinciding labeling region of nAChR subunits and the plasma membrane (Fig. 1C ). The double-labeled pixels show that a significant proportion of ␣7 subunits reach the cell membrane, in contrast to the poor ability of the dup␣7 subunits to migrate to this cellular structure.
The next experiments were designed to qualitatively analyze the effect of dup␣7 transfection on the expression level of ␣7 subunits at the GH4C1 cell surface using the Leica software "colocalization function." The cells were transfected with the ␣7-pmCherry construct, alone or in combination with the dup␣7-pGFP construct (1:1 ratio). Fig. 1D shows representative confocal images of two WGA-stained cells (blue) trans-dup␣7/␣7 interaction in inflammation fected as mentioned above. The double-positive structures ( Fig.  1D , white dots) that reflect the expression level of ␣7 subunits in the cell membrane are drastically reduced after coexpression of dup␣7 (left versus middle panels). This reduction could be derived from the intracellular entrapment of ␣7 subunits by dup␣7 subunits (Fig. 1D , yellow color in the merged image on right). This entrapment takes place in the endoplasmic reticulum (ER), as can be deduced from the confocal image of the cell coexpressing ␣7-Cherry and dup␣7-GFP subunits, after staining (blue) this intracellular structure ( Fig. 1G , white color in the merged image). To quantitatively evaluate the effect of dup␣7 on the expression level of ␣7-Cherry subunits in the cytosolic membrane of WGA-stained GH4C1 cells transfected as described above, we proceeded to analyze the colocalization between pixels generated by the two fluorophores (Cherry and Alexa Fluor 633-WGA) using the Pearson's correlation and the Manders's overlap coefficients. These two coefficients, which are available in the ImageJ JACoP plugging software, measure correlation and co-occurrence, respectively, and they are the metrics most widely used to quantify the degree of colocalization in fluorescence microscope images (27) (28) (29) . Results reveal that both coefficients were significantly reduced by dup␣7 dup␣7/␣7 interaction in inflammation coexpression ( Fig. 1E ). Finally, the immunoblots from the same cell culture (representative from two independent experiments) of protein extracts from cells transfected with ␣7-Cherry alone, or combined with different proportions of dup␣7-GFP, and probed with the anti-Cherry or anti-GFP antibodies allow us to exclude the possibility that, at a 1:1 ratio, the dup␣7 effect on cell-surface expression of ␣7 subunits was due to interference in the ␣7 mRNA translation to the corresponding protein (Fig. 1F ). Therefore, this ␣7/dup␣7 ratio was the one used whenever the double transfection of the ␣7 and dup␣7 constructs was required to analyze either the cell-surface expression level or the functional activity of the ␣7-nAChR in the rest of the study.
Physical interaction of ␣7 and dup␣7 subunits in GH4C1 cells
Using three complementary experimental approaches (confocal imaging of colocalization, coimmunoprecipitation, and FRET) in GH4C1 cells cotransfected with several pairs of ␣7 and dup␣7 constructs, we have evaluated whether ␣7 and dup␣7 subunits physically interact to form heteromeric nAChRs in mammalian cells. The pair ␣7-HA/dup␣7-Myc was used for colocalization and coimmunoprecipitation assays, whereas ␣7-GFP/dup␣7-Cherry or dup␣7-GFP/␣7-Cherry were the two pairs selected for FRET studies. Fig. 2A shows confocal images of ␣7-HA (red) or dup␣7-Myc (green) subunits expressed in cells doubly transfected with the pair ␣7-HA.pcDNA3.1/dup␣7.pcDNA3.1/Myc-His (ratio 1:1); each subunit was detected after immunostaining its corresponding epitope. The image at the right on Fig. 2A shows the overlap of the two signals with the arrows indicating the colocalization sites (yellow) of both subunits in the cells in which the joint expression has occurred. The ability of dup␣7 to assemble with ␣7 subunits in the same receptor was evaluated in the cell lysates from the above doubly-transfected cells subjected to immunoprecipitation (IP) of the dup␣7-Myc subunit with the anti-Myc antibody. In parallel, total lysates from cells transfected separately with ␣7-HA.pcDNA3.1 or dup␣7.pcDNA3.1/ Myc-His and not subjected to immunoprecipitation were used as references. Fig. 2B shows two typical blots from the same cell culture corresponding to the above cell lysates probed with the anti-HA or anti-Myc antibodies. As expected, single bands corresponding to the predicted sizes for the ␣7 (57 kDa) or dup␣7 (41 kDa) subunits were found in the total lysates from cells respectively transfected with either ␣7-HA or dup␣7-Myc constructs. Analysis of the IP lysate from cells doubly-transfected with both constructs allowed the simultaneous identification of the two bands corresponding to ␣7-HA and dup␣7-Myc, providing strong evidence for coassembly of both subunits in a heteropentameric receptor. Data are representative of two independent experiments.
In further agreement with the above findings, confocal FRET imaging analysis in cells transfected with the pair of constructs ␣7-pGFP/dup␣7-pmCherry or dup␣7-pGFP/␣7-pmCherry (1:0.5 or 1:1 ratio) provides additional evidence that both nAChR subunits were in sufficient proximity to interact with each other as part of a heteropentameric receptor. Fig. 2C shows confocal images acquired before (pre) and after (post) acceptor (dup␣7-Cherry) photobleaching at 561 nm in the framed area; the increase in emission at 488 nm of the donor (␣7-GFP (post)) in the two cells analyzed after coexpression of the ␣7-GFP/ dup␣7-Cherry pair in the indicated proportions is worth noting. The lower panel of Fig. 2D shows mean Ϯ S.D. of the FRET efficiency values, expressed as a percentage of the maximum efficiency, obtained in the region selected for acceptor photobleaching in individual cells transfected with the two pairs of constructs assayed in this study at the 1:0.5 or 1:1 ratios. The significant increase in FRET efficiency when dup␣7 was the donor of the pair or when the proportion of the acceptor increased in the pair is also worth noting. The increase in FRET efficiency when dup␣7 is the donor of the pair agrees with previous observations in mouse neuroblastoma cells (Neuro2A) after analyzing the dup␣7/␣7 interaction by FRET using several pairs of fluorescent protein-fused ␣7 and dup␣7 constructs (26) . The authors of the previous study justified their results by the low expression of dup␣7 subunits compared with that of ␣7 subunits considering that a dup␣7 subunit (acting as a donor) was more likely to lie adjacent to one ␣7 subunit in the heteromeric nAChR.
dup␣7 also interacts physically with ␣7 subunits reducing their expression in the plasma membrane of mouse RAW264.7 macrophages
The next experiments were designed to evaluate whether physical interaction of dup␣7 with the ␣7 subunits found in GH4C1 cells also occurs in another mammalian cell type that naturally expresses functional ␣7-nAChRs, the murine macro- Figure 1 . Cellular distribution of ␣7 and dup␣7 subunits expressed separately or in combination in GH4C1 cells. A and B, left panels show confocal images representative of cells expressing either ␣7-HA (red) or dup␣7-Myc (green) subunits after the respective epitopes were immunostained. The center panels show the plasma membrane of the same cells (green and red, respectively) labeled with Alexa Fluor 633-WGA. The panels on right (merged) show the cells with successful expression of ␣7 subunits (indicated by white arrows) reaching the cell membrane (yellow/orange), in contrast to the expression of dup␣7-Myc subunits mostly located in the cytosol. C, image of double-positive structures (white dots) of the coinciding labeling region of ␣7 or dup␣7 subunits and the plasma membrane generated by using the Leica software "colocalization function" in the above cells. D, same software was employed to qualitatively analyze the colocalization sites (white dots) of ␣7-Cherry subunits and plasma membrane (blue) in two WGA-stained cells transfected with the ␣7-pmCherry construct, alone or in combination with the dup␣7-GFP construct; higher magnifications of colocalization sites in boxed areas (insets) are shown. E, evaluation of the dup␣7 effect on ␣7 expression in the cytosolic membrane of cells transfected as described in D using the Pearson's correlation and Manders' overlap coefficients to quantitatively analyze the colocalization of ␣7-Cherry subunits and Alexa Fluor 633-WGA-stained membranes. The scatter plots show the distribution of the values found in single cells from three different cultures and the mean Ϯ S.D. for each group. ***, p Ͻ 0.001 compared with cells transfected only with the ␣7-pmCherry-N1 construct by using the Student's t test. F, representative immunoblots from the same cell culture of the protein extracts from cells expressing ␣7-Cherry, combined or not with dup␣7-GFP, at the indicated proportions. Specific bands corresponding to ␣7-Cherry or dup␣7-GFP subunits were detected with the appropriate primary (anti-Cherry and anti-GFP) and secondary (HRP)-conjugated antibodies. G, confocal image of the homogeneous distribution of ␣7-Cherry subunits throughout the ER (blue) in a cell transfected with the indicated construct (left panel). The coexpression of dup␣7-GFP together with ␣7-Cherry in a different cell causes the entrapment of ␣7 subunits in the form of aggregates in a localized region of the ER, probably hindering the migration to the cell membrane of these subunits conveniently assembled into homomeric ␣7-nAChRs (center and right images). Images like those obtained in these two cells were also found in other cells from two different cell cultures.
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phage RAW264.7 cell line. If so, we would proceed to evaluate whether the dup␣7 interaction with endogenous ␣7 subunits interfered with the cell-surface expression and function of ␣7-nAChRs expressed by these immune cells. The representative confocal image of a group of RAW264.7 cells ( Fig. 3A , left panel) shows the endogenous ␣7 subunits (green) immunostained with the primary antibody Mab306. Fig. 3A (right panel) corroborates the efficient expression of foreign dup␣7 subunits (green) after cell nucleofection with the dup␣7-Myc construct.
FRET efficiency analysis in cells nucleofected with the two pairs of constructs ␣7-pGFP/dup␣7-pmCherry or dup␣7-pGFP/␣7-pmCherry-N1 (1:0.5 or 1:1 ratio) again showed that both nAChR subunits are in sufficient proximity so as to interact with each other as part of a heteropentameric receptor in this immune cell type. Thus, Fig. 3B (upper panel) shows a representative confocal image acquired after photobleaching ␣7-Cherry in the framed area, which produces a marked increase in dup␣7-GFP fluorescence; at the right, a false color image shows the increase in FRET efficiency (yellow/red colors in the selected area) under the experimental conditions just described. Fig. 3B (bottom panel) represents mean Ϯ S.D. of the FRET efficiency values obtained in single cells from three different cultures nucleofected with the two pairs of constructs mentioned above at the 1:05 or 1:1 ratios. As in the GH4C1 cells, FRET efficiency in the RAW264.7 cells increased significantly when the proportion of the acceptor (Cherry) was raised in the pair of transfected constructs, as well as when dup␣7 acted as the donor in the pair.
Once the physical interaction of dup␣7/␣7 in RAW264.7 cells was corroborated, we proceeded to evaluate whether, as occurred in GH4C1 cells, this interaction affected the membrane expression of ␣7-nAChRs and, consequently, modified the functional capacity of these receptors. The following experiments sought to explore both proposals. To investigate the first proposal, we combined immunofluorescence and flow cytometry analysis to determine the expression levels of ␣7-nAChRs at the cell surface of the following populations of RAW264.7 cells: 1) non-nucleofected; 2) positive for dup␣7-Myc or dup␣7-Cherry after nucleofection of the appropriate constructs (1 g); and 3) positive for Myc or Cherry after the nucleofection of the corresponding empty vectors (1 g). The expression level of native homomeric ␣7-nAChRs in the plasma membrane of each of the above cell groups was determined through the fluorescence intensity generated by ␣-bungarotoxin conjugated to Alexa Fluor 488 (Alexa Fluor 488 -Bgtx), a toxin that selectively recognizes functional ␣7-nAChRs expressed in the cell membrane. Fig. 3C displays the representative contour plots showing side scatter (SSC) and cell-surface expression of ␣7-nAChRs in non-nucleofected cells or in cells nucleofected with the indicated constructs. Although the SSC data reflect a similar complexity of all the cell populations analyzed, the fluorescence intensity generated by the toxin labeling the receptors that are expressed on the cell surface is lower in cells nucleofected with either of the two dup␣7 constructs. Fig.  3D shows the mean Ϯ S.E. of the above fluorescence intensity values obtained in all experimental conditions assayed. The results again reveal that the expression of dup␣7, whatever the dup␣7 construct used for nucleofection, significantly subunits was detected after the respective epitopes were immunostained; colocalization of both subunits is clearly recognizable (yellow) in those cells in which joint expression has occurred (white arrows). B, two representative blots from the same cell culture probed with anti-HA or anti-Myc antibodies. Lanes 1 and 2 correspond to nonimmunoprecipitated cell lysates (Total Lysates) from cells transfected separately with ␣7-HA.pcDNA3.1 or dup␣7.pcDNA3.1/Myc-His, respectively. Lane 3 corresponds to the cell lysate from cells doubly transfected with the above pair of constructs and subjected to IP of the dup␣7-Myc subunits with the Myc antibody. C, representative FRET experiment in two cells cotransfected with the pair ␣7-pGFP/dup␣7-pmCherry at the indicated ratios; confocal images were acquired before (pre) or after (post) photobleaching of the acceptor (dup␣7-Cherry) in the framed area. The increase in the emission at 488 nm of the donor (␣7-GFP (post)) in both cells is worth noting. D, scatter plots representing the FRET efficiency values, expressed as a percentage of maximal efficiency, determined in the region of interest for acceptor photobleaching in single cells from three independent experiments. These cells were transfected with the pairs of constructs ␣7-pGFP/dup␣7-pm-Cherry or dup␣7-pGFP/␣7-pmCherry at 1:0.5 or 1:1 ratios. The horizontal bars show the mean Ϯ S.D. for the group; **, p Ͻ 0.01 after comparing the indicated groups. 
reduces cell-surface expression of functional ␣7-nAChRs with respect to the expression observed in non-nucleofected cells or in cells nucleofected with the corresponding empty vectors.
Expression of dup␣7 markedly reduces the ␣7-nAChRmediated anti-inflammatory effect in RAW264.7 macrophages
Next, we investigated whether the reduction in the number of ␣7-nAChRs expressed on the cell surface elicited by dup␣7 overexpression had functional repercussions by interfering with the anti-inflammatory effect mediated by these receptors. The effect of this overexpression was evaluated on the nicotinemediated blockade of NF-B activation and TNF␣ production induced by LPS in the above immune cells. Results in non-nucleofected cells reveal that, in the absence of stimulation, NF-B is distributed throughout the cytosol and, in response to LPS (100 ng/ml, 1 h), NF-B translocates to the nucleus (Fig. 4A, magenta) . This latter effect is blocked by cell exposure to nicotine (10 M) 30 min before and during the LPS treatment. Interestingly, the anti-inflammatory effect of nicotine on NF-B activation is preserved in cells nucleofected with the empty vector but is significantly blocked by dup␣7-Myc overexpression. Fig. 4B shows the scatter diagram for individual microscope fields showing the percentage of cells, with In non-nucleofected cells, NF-B was distributed throughout the cytosol in the absence of stimulation and was translocated to the nucleus in response to LPS (100 ng/ml; 1 h). Incubation of cells with nicotine prevents the NF-B activation induced by endotoxin. This anti-inflammatory effect of nicotine was preserved in cells nucleofected with the empty vector while it is markedly reduced in cells overexpressing dup␣7 subunits. B, percentage of cells with respect to total cells visualized in individual microscope fields from three independent experiments in which the NF-B-p65 translocation to the nucleus has occurred (positive cells) in response to each experimental condition described above. The horizontal bars show the mean Ϯ S.D. for the group; ***, p Ͻ 0.001 compared with non-nucleofected cells exposed to LPS. † † † , p Ͻ 0.001 compared with non-nucleofected cells exposed to LPS and nicotine. C, histogram representing the effect of nicotine on TNF␣ production induced by LPS (100 ng/ml; 4 h) in cells nucleofected with dup␣7.pcDNA3.1/Myc-His or with the empty vector. Once again, the anti-inflammatory effect of nicotine in cells nucleofected with the empty vector practically disappears after dup␣7 overexpression. The bars show the mean Ϯ S.E. from three independent experiments. ***, p Ͻ 0.001 after comparing the indicated bars. ns is nonsignificant.
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respect to total cells visualized, in which the NF-B translocation to the nucleus has occurred (positive cells) in response to each experimental condition just described; the means Ϯ S.D. of the values obtained in each experimental condition are also represented. These last data confirm the representative experiment in Fig. 4A showing that the anti-inflammatory effect of nicotine on NF-B activation induced by LPS is markedly inhibited by the overexpression of dup␣7 but remains unchanged after nucleofection of the empty vector. Fig. 4C shows the anti-inflammatory effect of nicotine with respect to the production of TNF␣ induced by LPS as determined by ELISA in the supernatant of RAW264.7 cells nucleofected with dup␣7-Myc or with the corresponding empty vector. It is remarkable that exposure to LPS (100 ng/ml, 4 h) induced a significant and similar increase in cytokine production in the two cell groups. However, although incubation with nicotine (10 M, 30 min before and during LPS treatment) significantly reduced the pro-inflammatory effect of LPS in cells overexpressing the empty vector, it failed to interfere with the LPS effect in those nucleofected with dup␣7-Myc. Taken together, the results of these latter experiments indicate that dup␣7 overexpression prevents the anti-inflammatory effect of nicotine in RAW264.7 cells stimulated with LPS, as regards both the activation of NF-B and the production of TNF␣.
Absolute dup␣7 mRNA expression in PBMCs from patients with sepsis and its correlation with PBMC ␣7 mRNA expression, inflammatory state, and disease severity
The results described above demonstrate that dup␣7 behaves as a negative regulator of the ␣7-nAChR-mediated anti-inflammatory effect in LPS-stimulated RAW264.7 cells. However, whether dup␣7 could play any role in human pathologies with excessive inflammatory response, such as sepsis, was still unknown. In a previous pilot study, we demonstrated that normalized expression of the ␣7 mRNA level in PBMC from 33 nonsmokers with sepsis, determined by qPCR within the first 24 h of their sepsis diagnosis, was a good marker of CAP activity in these patients (15) . In that pilot study, the inflammatory status and disease severity in each patient were also assessed on the day of diagnosis by measuring the serum concentrations of various inflammatory markers (TNF␣, IL-1␤, and C-reactive protein (CRP)) as well as by calculating the "Acute Physiology Evaluation and Chronic Health Assessment (APACHE) II score," which is a very useful classification system to establish disease severity and estimate mortality risk (30) . The APACHE II scoring index is calculated based on 12 physiological and 2 diseaserelated variables; the higher the scoring index, the greater the severity of the disease and the risk of death.
In this study, we have gone further to determine whether there was any type of correlation between the expression levels of dup␣7 mRNA in PBMCs from the above patients and their PBMC ␣7 mRNA levels or inflammatory state. To be able to compare PBMC ␣7 and dup␣7 gene expression levels, the absolute expression values of both messengers (number of mRNA copies) were determined by qPCR as described under "Experimental procedures." The same control group of 33 healthy nonsmoker subjects included in the above pilot study was incorporated as a reference in this study.
We found an inverse and significant correlation between the absolute expression levels of dup␣7 and ␣7 mRNAs ( ϭ Ϫ0.40; p Ͻ 0.05) in the patients. However, because the variability of the absolute ␣7 mRNA expression in PBMC was so great between patients, they were distributed into tertiles (11 patients/tertile) on the basis of their absolute ␣7 expression levels (1st tertile, high; 2nd tertile, medium; 3rd tertile, low levels). According to the aforementioned distribution, the mean number of copies (ϮS.E.) in ␣7 mRNA was 112.20 Ϯ 34.18, 24.76 Ϯ 4.52, and 13.77 Ϯ 1.36 for the 1st, 2nd, and 3rd tertiles, respectively. Meanwhile, the absolute ␣7 expression levels in PBMC from the control group was low and showed very little variability (13.50 Ϯ 1.25 copies). Significant differences (p Ͻ 0.001) were found in absolute ␣7 expression between the first and second or third tertiles or with respect to the control group. Fig. 5 shows the box-whisker plots of the number of copies of dup␣7 mRNA (A) or the ␣7/dup␣7 mRNA ratio (B) determined in PBMCs from the three tertiles. Fig. 5A reveals that the median value of dup␣7 mRNA expression is significantly higher in the third tertile (low ␣7 levels) than in the other tertiles (p Ͻ 0.01) or the control group (p Ͻ 0.001). Fig. 5B shows the significant differences between tertiles with respect to the median of the ␣7/dup␣7 mRNA ratio; it is interesting to note that this last value is significantly lower in patients from the third tertile (low ␣7 and high dup␣7 expression levels) than in patients from the 
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other tertiles. Finally, we found a direct and significant correlation between the absolute dup␣7 mRNA levels assessed in this study and the serum concentrations of some of the inflammatory markers determined in the previous pilot study using the same set of patients (15) : for TNF␣ ( ϭ 0.46; p Ͻ 0.01); IL-1␤ ( ϭ 0.37; p Ͻ 0.05); CRP ( ϭ 0.39; p Ͻ 0.05). In contrast, there was a significant inverse correlation between the ␣7/dup␣7 mRNA ratio and the above serum marker concentrations or APACHE II score: for TNF␣ ( ϭ Ϫ0.41; p Ͻ 0.05); IL-1␤ ( ϭ Ϫ0.60; p Ͻ 0.001); CRP ( ϭ Ϫ0.61; p Ͻ 0.001); APACHE II score ( ϭ Ϫ0.69; p ϭ 0.001). It is interesting to note that no significant differences were found with respect to age or gender between the groups of patients and controls. Furthermore, our data on absolute expression levels of ␣7 or dup␣7 in PBMCs from healthy subjects (control group) show very little variability, ruling out the possibility that age or gender can be considered confounding variables in relation to the gene expression of ␣7 and dup␣7.
Discussion
This study reports the first experimental evidence that dup␣7 expression in RAW264.7 macrophages produces a loss of anti-inflammatory activity mediated by native ␣7-nAChRs. It also shows that this effect on inflammation is the result of the physical interaction between dup␣7 and ␣7 subunits forming heteromeric nAChRs that are mostly trapped in the ER, thus negatively affecting the expression level of functional ␣7-nAChRs in the cytosolic membrane. This mechanism of dup␣7/␣7 interaction seems to be a generalized phenomenon because it occurs in more cell types than just immune cells, including GH4C1 neuroendocrine cells. Finally, our data in patients with sepsis also reveal that the dup␣7 gene expression level determined in their PBMCs correlated inversely with their PBMC ␣7 gene expression level and directly with the magnitude of their inflammatory state.
Although it is well-established that ␣7 subunits are co-assembled to form homomeric ␣7-nAChRs that regulate a wide variety of pathophysiological processes affecting the nervous and immune systems in mammals, it is unknown whether the partially duplicated subunit is involved in any of these ␣7-nAChRcontrolled processes. Despite the lack of information in relation to a possible role for the dup␣7 subunit, several observations support the hypothesis: 1) dup␣7 subunits heterologously expressed in Xenopus oocytes act as dominant-negative regulators of the ␣7-nAChR function (21, 25); 2) dup␣7 and ␣7 subunits are naturally expressed in the same cell types in humans (see Ref. 19 and references therein); and 3) the insertion of dup␣7 subunits in the pentameric structure of nAChRs containing ␣7 subunits is feasible because the duplicated form shares most of the structural elements of the original subunit, specifically the two M1-M2 and M3-M4 loops that participate in the interaction, stabilization, and assembly of subunits into the receptor complex, although the duplicated subunit lacks a part of the N-terminal domain involved in the initial association of subunits to form the receptor (16, (31) (32) (33) .
To investigate whether dup␣7 expression modifies ␣7-nAChR function in mammalian cells, as occurs in amphibian cells, we prepared several constructs of ␣7 and dup␣7 subunits tagged with different epitopes or fused to various fluorescent proteins for their subsequent expression in the two mammalian cell lines analyzed in this study. Thus, we used rat GH4C1 cells that do not naturally express either of the two nAChR subunits but have the full capacity to express both foreign subunits (21) , and we used murine RAW264.7 macrophages that endogenously express ␣7-nAChRs with a well-verified anti-inflammatory activity. Analysis of nAChR subunit colocalization sites in the cytosolic membrane of GH4C1 cells revealed substantial expression differences between ␣7-HA and dup␣7-Myc when the two constructs were transfected separately (Fig. 1, A and B) . Whereas ␣7 subunits reached high expression levels in the cell membrane, dup␣7 subunits were barely detected in this cellular structure. This finding corroborates our previous data in Xenopus oocytes (21) and could be explained by the loss of the signal peptide of the duplicated subunit with respect to its parent subunit (34) , which would hinder its transport from the ER. Interestingly, coexpression of dup␣7-GFP and ␣7-Cherry (1:1 ratio) in GH4C1 cells significantly reduces the number of ␣7 subunits expressed in the cell membrane (Fig. 1, D and E) without modifying the translation of ␣7 mRNA to the corresponding protein, as seen in the immunoblot of protein extracts from cells doubly transfected with the pair of constructs indicated above at the 1:1 ratio (Fig. 1F) .
The dup␣7 effect on membrane expression of ␣7 subunits in these cells is the result of the physical interaction of both subunits generating mixed ␣7/dup␣7-nAChRs, as inferred from the immunoprecipitation and FRET data (Fig. 2) . It is to be expected that the insertion of dup␣7 subunits within the pentameric structure of the nAChR reduces its capacity of being transported to the cytosolic membrane due, in part, to the loss of signal peptide sites. This proposal is confirmed by confocal images of GH4C1 cells expressing ␣7-Cherry, alone or in combination with dup␣7-GFP, after ER staining with the corresponding antibody (Fig. 1G) ; the image shows how the vast majority of ␣7 subunits expressed by the cell are sequestered by dup␣7 subunits in this intracellular structure. Our data do not allow us to exclude the possibility that some dup␣7 subunits could migrate toward the cell membrane forming part of the mixed nAChRs, as has been reported previously in Neuro2A cells (26) . However, the number of dup␣7 subunits that makes this trip as part of mixed nAChRs appears to be very low in GH4C1 cells, as inferred from confocal images of cells doublytransfected with dup␣7-GFP and ␣7-Cherry (Fig. 1G, merge) . The different capacity to migrate to the cell surface of the nAChRs containing dup␣7 subunits reported in Neuro2A and in GH4C1 cells could be explained by the different proportion of dup␣7 subunits that make up the nAChR in each cell type; the higher this proportion the lower the probability that the receptor reaches the cell membrane.
Once the dup␣7/␣7 interaction and its impact on membrane expression of ␣7-nAChRs has been established in neuroendocrine cells, the next question is to know whether this entire sequence of cellular events has consequences on ␣7-nAChR function. A dup␣7/␣7 interaction forming mixed nAChRs has been previously reported by FRET analysis in Neuro2A cells (26) . However, that study failed to find a clear effect from the duplicated subunit on ACh-induced currents in neuroblastoma dup␣7/␣7 interaction in inflammation cells, in contrast to the strong inhibitory effect on ␣7-nAChRmediated currents found by us and others in oocytes (21, 25) . The above authors ascribe the discrepancy of differences in the subunit assembly that forms nAChRs in the two expression systems and/or the extremely low expression level of dup␣7 subunits achieved in Neuro2A cells; however, they do not exclude the possibility that transfection of the RiC-3 chaperone in the cells used in all their electrophysiological recordings could have affected the inhibitory capacity of dup␣7 subunits with regard to ACh-mediated currents.
Here, we investigated the dup␣7 effect on ␣7-nAChR function in a non-neuronal cell type, RAW264.7 macrophages, due to their native expression of ␣7-nAChRs with well-defined anti-inflammatory activity and their ability to reach high expression levels of foreign dup␣7 subunits (Fig. 3A, right  panel) . The signaling pathways downstream from the ␣7-nAChR that inhibit pro-inflammatory cytokine production (TNF␣, high mobility group box 1 protein (HMGB1), and IL-1␤, IL-6 , and IL-8) in LPS-stimulated macrophages require collaboration by NF-B and JAK2/STAT3 to interfere with the signaling pathway triggered by Toll-like receptors (35, 36) . Therefore, this study has evaluated the inflammatory activity of these macrophages by measuring the degree of NF-B activation and TNF␣ production in response to each experimental situation tested.
Our data from FRET efficiency analysis, FC, and immunofluorescence staining of functional ␣7-nAChRs labeled with Alexa Fluor 488 -Bgtx in RAW264.7 cells nucleofected with different dup␣7 constructs demonstrate the physical interaction of dup␣7/␣7 subunits and its negative impact on membrane expression of functional ␣7-nAChRs ( Fig. 3, B-D) . As expected, this latter dup␣7 effect leads to the loss of the ␣7-nAChRmediated anti-inflammatory response in LPS-stimulated macrophages, as inferred from confocal microscopy and ELISA data showing that dup␣7 expression significantly reverses the antiinflammatory effect of nicotine acting on ␣7-nAChRs in the above cells, both at the level of nuclear translocation of NF-B as well as of TNF␣ production ( Fig. 4) . None of the above dup␣7 effects on ␣7-nAChR function is reproduced by the empty vector expression. Additionally, it is worth highlighting the fact that dup␣7-Myc subunits were detected on the cell surface of a reduced group of cells nucleofected with the dup␣7-Myc construct after their isolation by FC using the anti-Myc antibody that recognizes the corresponding epitope located in the extracellular C-terminal domain of the duplicated subunit (Fig. 3C) . This finding indicates that some dup␣7 subunits are assembled with ␣7 subunits in a mixed nAChR that does reach the cell membrane. This receptor would have a lower capacity to respond to nicotine or ACh, and this could also contribute to the reduction in anti-inflammatory response mediated by ␣7-nAChRs in RAW264.7 macrophages.
If dup␣7 subunits have a role in vivo in interfering with the human inflammatory response controlled by ␣7-nAChRs, their expression levels must be susceptible to regulation by external stimuli that require greater or lesser ␣7-nAChR activity. Results of several in vitro studies performed in human monocytes or monocytic cell lines show that this is what actually happens. Thus, exposure of the above cells to LPS, IL-1␤, or nicotine down-regulates the dup␣7 mRNA expression level (21, 37) . Moreover, the same negative regulation of dup␣7/CHRFAM7A expression has been reported in peripheral blood lymphocytes of individuals who are smokers (38) . Having previously reported that the PBMC ␣7 gene expression level in patients with sepsis is a clinically relevant marker of their CAP activity (15), here we have tried to extend our experimental data from RAW264.7 cells to patients with sepsis by evaluating the absolute expression levels of dup␣7 mRNA determined in their PBMCs. Our data in these patients indicate that dup␣7 levels correlate inversely with ␣7 levels and directly with the patient's inflammatory state. We have previously reported that the greater the expression of ␣7, the better the control of inflammation and the prognosis (15) . Here, we have found that the group of patients with the best prognosis (1st tercile) is the one with the highest ␣7 and lowest dup␣7 mRNA levels. In contrast, the group of patients with the worst prognosis (3rd tercile) has the lowest ␣7 and the highest dup␣7 mRNA levels. These two findings explain why the higher the ␣7/dup␣7 ratio, the better the control of inflammation and the lower the severity of the disease. The negative correlation between ␣7 and dup␣7 mRNA levels found in PBMCs from the patients in this study is not restricted to sepsis but has also been found in colon biopsies from patients with ulcerative colitis and Crohn's disease (39) . Furthermore, in a recent study performed in paired tumor and nontumor lung specimens from patients with squamous cell carcinoma, we have found that, compared with normal lung, tumor samples showed significant up-regulation of CHRNA7 and down-regulation of CHRFAM7A (40) . This last finding suggests that deficient dup␣7 expression may facilitate the oncogenic process mediated by ␣7-nAChR, the main nAChR subtype responsible for the nicotine-mediated proliferative, pro-angiogenic and pro-metastatic effects in human smokingrelated lung cancers (41) (42) (43) (44) .
An inherent weakness of our clinical study was the relatively small sample size. Another sample-associated shortcoming, which we have tried to minimize here, is the presence of confounding factors that might influence gene expression measurements in PBMCs from the patients. Yet another challenge not resolved by our study is the stoichiometry of the ␣7 and dup␣7 subunits that make up the heteromeric nAChR after cell transfection with different proportions (1:0.5 or 1:1) of the corresponding cDNAs.
In summary, despite the limitations outlined above, our data not only identify the mechanism by which dup␣7 interferes with ␣7 subunits in immune and neuroendocrine mammalian cells, it also highlights the role of the duplicated subunit in counteracting the excessive brake of the inflammatory response mediated by vagal activation of ␣7-nAChRs in immune cells. This dup␣7 effect on inflammation could have pathophysiological repercussions in human sepsis, as can be deduced from our data in patients with sepsis showing how the subgroup of patients with better control of the inflammatory response and better prognosis is the one with the lowest gene expression level of dup␣7 and highest ␣7 level in their PBMCs. Given that the acquisition of CHRFAM7A seems to be a recent evolutionary event that only appears in humans, it is likely that the partial duplicate gene may confer an evolutionary advan-dup␣7/␣7 interaction in inflammation tage by regulating several of the ␣7-nAChR-mediated functions not only in relation to inflammation but also to tumor progression in smoking-related tumors or to neurotransmitter release in CNS. Future studies are necessary to evaluate these possibilities.
Experimental procedures
Reagents and cell lines
Primary mouse anti-Myc and rabbit anti-HA monoclonal antibodies were purchased from Roche Applied Science (Mannheim, Germany) and Sigma, respectively. Primary mouse monoclonal anti-␣7 (Mab306) and rabbit polyclonal anti-calnexin antibodies were from Sigma. Primary rabbit anti-NF-B p65 antibody was from Cell Signaling. Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 546 goat anti-mouse IgG, Alexa Fluor 555 goat anti-rabbit IgG, Alexa Fluor 647 goat antirabbit IgG, Alexa Fluor 633-WGA, Alexa Fluor 488-conjugated ␣-bungarotoxin (Alexa Fluor 488 -Bgtx), and ProLong Gold Antifade Reagent were purchased from Molecular Probes (Invitrogen). Primary mouse anti-Cherry and mouse anti-GFP monoclonal antibodies were from Abcam (Cambridge, UK) and Roche Applied Science, respectively. The secondary (HRP)-conjugated anti-mouse IgG and anti-rabbit IgG antibodies were from Jackson ImmunoResearch (Suffolk, UK). Lipopolysaccharide (LPS) and the remaining unspecified products were purchased from Sigma. The GH4C1 rat pituitary and the RAW264.7 murine macrophage cell lines were purchased from American Type Culture Collection ATCC (Manassas, VA).
Generation of several ␣7 and dup␣7 constructs
All constructs were generated according to standard molecular biology techniques to insert the epitope or the fluorescent protein of interest in-frame with the C-terminal domain of the ORF in the human ␣7 or dup␣7 cDNA sequences. The ␣7-HA.pcDNA3.1 construct was prepared by two successive PCRs using as a template the plasmid ␣7.pcDNA3.1 containing the full-length cDNA sequence of the ␣7 subunit and the following primers: forward 5Ј-TAATACGACTCACTATA-GGG-3Ј and reverse 5Ј-AACATCGTATGGGTAGGATCCCG-CAAAGTCTTTGGACACGCC-3Ј containing the BamHI site. The hemagglutinin (HA) epitope was subsequently inserted by performing a second PCR using the pair of primers: forward 5Ј-CCACCATGCGCTGCTCGCCG-3Ј and reverse 5Ј-GTCT-AGATCAAGCGTAATCTGGAACATCGTATGGGTAGG-ATCCCGCA-3Ј containing the HA sequence flanked by the XbaI site at 5Ј. The resulting amplified product containing the ␣7-HA cDNA sequence was ligated to pGEM-T Easy vector (Promega) and later subcloned into the NotI/XbaI sites of pcDNA3.1(Invitrogen)yieldingthefinal␣7-HA.pcDNA3.1construct. The construct dup␣7.pcDNA3.1/Myc-His was generated by PCR using the dup␣7.pSP64T plasmid as a template and the following pair of primers: forward 5Ј-GATTTAGGTGA-CACT-ATAG-3Ј and reverse 5Ј-TCTAGACGCAAAGTCT-TTGGACACGGC-3Ј containing the XbaI site. The resulting PCR product was ligated to pGEM-T Easy vector and subcloned into the NotI/XbaI sites of the pcDNA3.1/Myc-His (Invitrogen), yielding the final dup␣7.pcDNA3.1/Myc-His con-struct containing the full-length human dup␣7 cDNA sequence in-frame with the Myc-His tag.
The GFP-and Cherry-tagged constructs were prepared by PCR using the ␣7.pSP64T and dup␣7.pSP64T plasmids as templates and the following pairs of primers: ␣7-GFP forward 5Ј-TACCGAAGCCGCTAGCCCACCATGCGCTGCTCGC-3Ј, dup␣7-GFP forward 5Ј-TACCGAAGCCGCTAGCATG-CAAAAATATTGCATCTACC-3Ј, and for both ␣7-GFP and dup␣7-GFP reverse 5Ј-GACCGGTAGCGCTAGCCCCG-CAAAGTCTTTGGACAC-3Ј containing the NheI sites; ␣7-Cherry forward 5Ј-GAATTCTGCAGTCGACACCACCA-TGCGCTGCTCGC-3Ј, dup␣7-Cherry forward 5Ј-GAATTC-TGCAGTCGACATGCAAAAATATTGCATCTACC-3Ј, and for both ␣7-Cherry and dup␣7-Cherry reverse 5Ј-CCGCGGT-ACCGTCGACGCAAAGTCTTTGGACACGG-3Ј containing the SalI sites. The amplified products containing the full-length ␣7 and dup␣7 cDNA sequences were cloned at the NheI/NheI sites in the pTurboGFP (Evrogen, Moscow, Russia) and the SalI/SalI sites in the pmCherry-N1 (Clontech, France), using the In-Fusion cloning kit from Clontech and following the manufacturer's instructions. All constructs were verified by DNA sequencing.
GH4C1 cell culture and transfection
Cells were grown and maintained in Ham's F-10 medium supplemented with 15% horse serum and 2.5% FBS in a humidified atmosphere containing 5% CO 2 at 37°C. Cells were plated on 12-mm poly-L-lysinecoated glass coverslips at the density required to reach 50 -80% confluence 24 h after plating. Next, transient transfection of the constructs of interest was performed using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Nontransfected cells were used in parallel as controls. Transfected and nontransfected cells were incubated for an additional 48 h at 37°C before starting the experiments.
RAW264.7 cell culture and nucleofection
Cells were grown and maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS under 5% CO 2 at 37°C. Nucleofection was performed 24 h later using the specific Amaxa cell line Nucleofector kit V (Amaxa Biosystems, Germany) for this cell line following the manufacturer's instructions and using the Amaxa Nucleofector II device (Lonza, Cologne, Germany). Briefly, 2 ϫ 10 6 cells suspended in 100 l of nucleofection solution were nucleofected with the appropriate construct using the D-032 software of the nucleofector. Next, the cells were seeded in 24-well plates allowing their adhesion to the plate for a period of 48 h before starting the experiments.
Immunofluorescent staining, confocal imaging, and colocalization analysis
The confocal images of the endoplasmic reticulum (blue) of GH4C1 cells transfected with ␣7-Cherry, alone or in combination with dup␣7-GFP, were obtained after the cells were fixed and processed for immunocytochemistry using a rabbit anticalnexin antibody (1:50; 2 h) detected by a goat anti-rabbit Alexa Fluor 647 antibody (1:400; 1 h). In a different set of experiments, cell membranes of living GH4C1 cells transfected with dup␣7/␣7 interaction in inflammation ␣7-HA or dup␣7-Myc were stained by incubation with Alexa Fluor 633-WGA for 10 min at 37°C. After thorough washing, cells were fixed and processed for immunocytochemistry using a rabbit anti-HA or a mouse anti-Myc antibody (1:200; 2 h) detected by a goat anti-rabbit Alexa Fluor 555 (red) or a goat anti-mouse Alexa Fluor 488 (green) antibody (1:400; 1 h), respectively. Finally, coverslips rinsed with PBS were mounted using the ProLong Gold Antifade Reagent. All images were captured using the Leica TCS SP5 spectral confocal laser-scanning microscope at the same adjustments of laser intensity and photomultiplier sensitivity and were later analyzed by the Leica LAS AF software as reported elsewhere (21, 45, 46) . Colocalization analysis of the ␣7 or dup␣7 subunits and the cell membrane was performed on cells transfected with separate or combined constructs of these subunits (␣7-HA, dup␣7-Myc, ␣7-Cherry, and dup␣7-GFP), using the "LAS AF Process Tool Colocation Function" of the above software as has been described elsewhere (45) . Briefly, one horizontal confocal plane (Z-scan) located in a central region of the cell was monitored simultaneously for both fluorescent probes labeling the nAChR subunit and the cytosolic membrane; then, the images registered for both signals were saved and superimposed. For every pixel in the original image, the system plots a corresponding point related to the intensities of each of the two channels. On the resulting cytofluorogram, the x axis represents the intensity of pixels in one channel, and the y axis represents the intensity of pixels in the other channel. If a pixel has equal intensity in both channels, then that pixel point will fall on the diagonal of the graph. The further away the points are from the diagonal line, the higher the intensity is for one channel compared with the other. By selecting a constant elliptical area in the cytofluorogram located around the 45°line, it is possible to exclude background signals; pixels that have high intensities in both channels, which represent the colocalization sites for the nAChR subunit and plasma membrane, were captured and visualized as white points.
Coimmunoprecipitation and immunoblots
GH4C1 cells transfected or not with the appropriate ␣7 and/or dup␣7 construct were homogenized in a specific lysis buffer as described elsewhere (47) . Protein concentration in supernatant was quantified using the BCA assay kit (Pierce BCA Protein Assay kit, ThermoFisher Scientific). Dynabead protein G immunoprecipitation kit (Invitrogen Dynal, Oslo, Norway) was used for coimmunoprecipitation experiments following the manufacturer's instructions. For dup␣7-Myc subunit immunoprecipitation, the cells were harvested and solubilized; 800 g of total protein from each sample was reacted with the mouse anti-Myc antibody bound to the Dynabeads protein G. The isolated proteins resulting from immunoprecipitation as well as those from total lysates not subjected to immunoprecipitation (50 -80 g) were resolved by denaturing 10% SDSpolyacrylamide gel, transferred to a polyvinylidene difluoride membrane (Millipore Corp., Billerica, MA), and immunoblotted as described elsewhere with the appropriate antibodies (47) . The following primary antibodies and dilutions were used for immunoblotting in this study: mouse anti-GFP (1:1000; 1.5 h); anti-Cherry (1:2000; 1.5 h); anti-Myc (1:1000; 1 h); or rabbit anti-HA (1:1000; 2 h). The secondary (HRP)-conjugated antibodies, anti-mouse IgG or anti-rabbit IgG (1:5000), were incubated at room temperature for 1 h. The resulting bands were detected using ECL Plus reagents (Amersham Biosciences, GE Healthcare, UK).
FRET experiments
GH4C1 and RAW264.7 cells grown on glass coverslips treated with poly-L-lysine were transfected with the pairs of constructs ␣7-pGFP/dup␣7-pmCherry-N1 or dup␣7-pGFP/ ␣7-pmCherry-N1 to perform FRET experiments. Forty eight hours after transfection, cells were fixed, rinsed, and mounted using citifluor AF1. Images of selected regions in each cell were taken to determine the FRET efficiency using the acceptor photobleaching technique and the Leica TCS SP2 spectral confocal microscope as described previously (48) . Efficiency was calculated using the equation: FRET efficiency ϭ 1 Ϫ (D pre /D post ), where D pre and D post represent the fluorescence emitted by the donor (GFP) before and after photobleaching of the acceptor (Cherry) using the 561 laser. The data were presented as scatter plots of individual cells, with the mean Ϯ S.D. for each experimental condition. The Kruskal-Wallis test, followed by the Dunn post hoc test, was used for statistical analysis.
Flow cytometry (FC)
The FC methods used in this study to detect the surface expression of endogenous ␣7-nAChRs in RAW264.7 cells using immunofluorescence staining and the specific labeled toxin for this receptor subtype (Alexa Fluor 488 -Bgtx) are similar to those described elsewhere (47) . Briefly, cells nucleofected or not with the appropriate dup␣7 construct or their corresponding empty vectors were washed with PBS and detached from the plate using 5 mM EDTA/PBS solution. Next, cells expressing dup␣7-Myc or the Myc epitope were processed for immunocytochemistry using the mouse anti-Myc antibody (1:200; 1 h) detected by the goat anti-mouse Alexa Fluor 546 (1:600; 30 min). Both non-nucleofected and nucleofected cells were incubated for 1 h at 4°C with a 2 mM EDTA, 0.5% FBS/PBS solution containing Alexa Fluor 488 -Bgtx (1 M). After staining, the cells were washed thoroughly, and their nuclei were labeled with DAPI for further selection of living cells (DAPI-negative) by FC. Finally, cell fluorescence was processed in a FACS Canto II flow cytometer equipped with the FACS Diva 6.1.2 software (BD Biosciences). Fluorescence intensity provided by Alexa Fluor 488 -Bgtx labeling of ␣7-nAChRs expressed at the cell surface in non-nucleofected cells or in cells expressing each of the assayed constructs are depicted as contour diagrams using the FLOW JO 7.6.5 software. Data for the fluorescence intensity corresponding to cell-surface expression of ␣7-nAChRs in each experimental condition are given as means Ϯ S.E. One-way ANOVA followed by Bonferroni's post hoc comparison tests were used for the statistical analysis.
Determination of NF-B nuclear translocation
To determine the nuclear translocation of NF-B p65 in RAW264.7 cells, the cells in suspension were nucleofected or not (control) with the construct dup␣7.pcDNA3.1/Myc-His or with its corresponding empty vector. Subsequently, the cells dup␣7/␣7 interaction in inflammation were seeded on coverslips to be subjected to pretreatment or not with nicotine followed by exposure to LPS in the absence or presence of nicotine. After being fixed and permeabilized (Triton X-100, 0.2%), the cells were initially incubated with rabbit anti-NF-B p65 antibody (1:50; 2 h) and, in the case of nucleofected cells, with mouse anti-Myc antibody (1:200; 2 h). These primary antibodies were respectively detected by a goat antirabbit Alexa Fluor 555 (red) or a goat anti-mouse Alexa Fluor 488 (green) antibody (1:400; 1 h). After staining, the cells were washed thoroughly and their nuclei labeled with DAPI. The coverslips were rinsed with PBS and mounted using ProLong Gold Antifade Reagent. All images were captured and analyzed using the same confocal microscope, conditions, and software reported above. The data were presented as scatter plots of individual microscope fields, with the mean Ϯ S.D. for each experimental condition. One-way ANOVA followed by Bonferroni's post hoc comparison tests were used for the statistical analysis.
TNF␣ determination
The quantification of TNF␣ in the supernatant of cultures of RAW264.7 cells seeded in P24 multiwell plates was determined by ELISA. The cells had previously been nucleofected with the dup␣7.pcDNA3.1/Myc-His construct or with its corresponding empty vector. Cells from either group were preincubated or not with nicotine followed by exposure to LPS in the presence or absence of nicotine; untreated cells were used to determine basal cytokine release. The concentration of TNF␣ in the supernatant was determined with the murine TNF␣ ELISA development kit from PreproTech (UK) following the manufacturer's instructions. Data are represented as mean Ϯ S.E. Oneway ANOVA followed by Bonferroni's post hoc comparison tests were used for the statistical analysis.
Study population and absolute quantification of mRNAs by qPCR in PBMCs from the participating subjects
The study population is the same included in a previous pilot study conducted by our group (15) ; it consists of a cohort of individuals diagnosed with sepsis and a control group of healthy volunteer blood donors. Thus, the experiments contained in this section are a continuation and extension of those of the pilot study, and consequently, they were also planned respecting the ethical principles for medical research in humans (Declaration of Helsinki, 2008) and approved by the Committee of Medical Research Ethics of University Hospital La Paz (Madrid, Spain). All participants signed agreement forms. The cohort group consisted of 33 nonsmoking white patients (13 males and 20 females; age range, 38 -80 years (mean value Ϯ S.D., 60.3 Ϯ 12.7)) admitted to La Paz University Hospital from March to October, 2012, after meeting the diagnostic criteria for sepsis. The demographic and clinical characteristics, exclusion criteria, and precautions taken to minimize the impact of confounding factors in the patients' group have been detailed in the previous pilot study (15) . The control group consisted of 33 healthy white nonsmoking volunteer blood donors (14 males, 19 females; age range 35-78 years (mean value Ϯ S.D., 58.3 Ϯ 11.6)), who had not taken medications in the month prior to enrollment.
To measure the number of dup␣7 and ␣7 mRNA copies by qPCR in PBMCs from the participants, total RNA was extracted from the cells isolated from each subject as we have reported in the previous pilot study (15) . Techniques for gene expression analysis by qPCR from reverse-transcribed RNA, using the SYBR Green-based assays (Bio-Rad) and the ABI Prism 7500 Sequence Detector (Applied Biosystems, Foster City, CA), have been described elsewhere (15, 21, 47) . The set of primers and PCR cycling conditions were as follows: dup␣7 forward 5Ј-CAATTGCTAATCCAGCATTTGTGG-3Ј and reverse 5Ј-CCCAGAAGAATTCACCAACACG-3Ј; ␣7 forward 5Ј-GCT-GCAAATGTCTTGGACAGAT-3Ј and reverse 5Ј-AACAGT-TTCACCCCTGGATAT-3Ј; 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. The number of dup␣7 and ␣7 mRNA molecules expressed in PBMCs was determined as described elsewhere (40) on the basis of a standard six-point curve prepared with the plasmids dup␣7.pcDNA3.1/Myc-His and ␣7-HA.pcDNA3.1 (our own laboratory constructs) as templates and applying the following formula: number ϭ (ng⅐number/mol)/(bp⅐ng/g⅐g/mol of bp) (http://cels.uri.edu/ gsc/cndna.html). 8 The Spearman correlation coefficient was used to analyze correlations between the absolute dup␣7 mRNA expression levels or the ␣7/dup␣7 mRNA ratio in PBMCs determined in the actual study, with serum concentrations of inflammatory markers or APACHE II scores determined in the previous study (15) . Additionally, the same analysis was applied to investigate the correlation between the absolute dup␣7 and ␣7 mRNA expression levels in the PBMCs from the patients.
